Abstract-In this paper, an inverse scattering technique referred to as the filtered forward-backward time-stepping method is applied to microwave imaging for breast cancer detection.
I. INTRODUCTION
Breast cancer is the leading cause of death from cancer among women. To reduce the breast cancer mortality rate, it is recommended for women to have annual breast screening. At present, X-ray mammography is regarded as the most effective examination modality in mass screening. However, it is less effective for detecting a tumor in a dense breast. A complementary and alternative modality has been looking for to overcome its shortcoming [1] .
Over the last two decades, a number of researchers have been working on the early detection of breast cancer by microwave imaging. The microwave breast imaging techniques are classified into two approaches: one is based on the principle of radar and another is based on inverse scattering. The former images spatial distribution of the scattering intensity due to abnormalities, while the latter images spatial distribution of dielectric properties of a region of interest. The radar-based techniques get an image quickly, but only the location and size of the abnormality can be found from the image [2] - [5] . The inverse scattering-based techniques require a long processing time to get an image, but the dielectric properties of the abnormality can be obtained as well as its location and size [6] - [10] . Therefore, the imaging based on the inverse scattering techniques has a potential for tissue characterization.
Both the frequency-domain and time-domain inverse scattering techniques have been applied to the microwave breast imaging. Although the use of frequency diversity does not increase information content about a target object, it reduces ill-conditioning of the reconstruction process, so that a solution algorithm with multifrequency data becomes more stable than the use of monochromatic data [11] . We have proposed an inversion technique referred to as ForwardBackward Time-Stepping (FBTS) algorithm [12] and applied it to breast cancer detection in two-dimensional (2-D) and three-dimensional (3-D) cases [13, 14] .
Recently, the permittivity and conductivity of fibroglandular breast tissue is shown to be much higher than previously imagined [15 ] . This makes microwave imaging of a dense breast more challenging.
In this paper, the filtered FBTS technique [16] which has been shown to be more robust to noise is applied to the cancer detection of a dense breast with high-contrast between fat and fibroglandular tissues, and low-contrast between fibroglandular and tumor tissues.
II. INVERSE SCATTERING TECHNIQUES
We consider inverse scattering problem where the electrical property distributions within a target object are estimated from scattering time domain data. The object is surrounded by an array of antennas. Each antenna takes turns to transmit a microwave pulse while the rest of antennas collect scattered signals. Then, a set of transmitter/receiver data for multiple antenna combination is obtained.
A. FBTS Inversion Algorithm
In the FBTS technique, the measured scattering dataset is compared to an equivalent simulation in which the same set of scattering data is computed for assumed electrical property distributions within the target object. Reconstruction procedure of FBTS minimizes iteratively the following cost functional:
; , , value of zero at time t T = , where T is a time duration of the measurement. When a gradient-based optimization method is applied to minimization of the cost functional (1), the gradient of the functional is necessary. By taking the Fréchet derivative of (1), the gradients with respect to r ε and σ are derived as are time reversed fields with equivalent current sources which are identical to a difference between the measured and calculated scattered field data. In this paper, we use Polak-Ribiète-Polyak conjugate gradient method for optimization technique to solve the inverse scattering problem. The detail of the FBTS is described elsewhere [12] .
B. Filtered FBTS Inversion Algorithm
A gradient-based minimization technique does not always find a global minimum of the cost functional due to nonlinearity of the inverse problem. To avoid a local minimum, a proper initial guess is essential. The use of lower frequencies reduces nonlinearity of the inverse problem. Based on the fact, frequency hopping techniques were proposed in frequency domain [11] , [17] .
The similar idea as frequency hopping techniques is incorporated into FBTS algorithm. Instead of multifrequency approach in frequency domain, a UWB pulse and several lowpass filters with different cutoff frequencies are used in FBTS. First, the high frequency component is removed from the measured scattered signal , respectively. Minimization of the cost functional (2) yields a rough image of the electrical parameter profiles p . This reconstructed image is used as an initial guess for the filtered FBTS algorithm with a lowpass filter of the next higher cutoff frequency. This procedure is repeated successively until all the frequency components of the measured scattered signal are used (see [16] for details).
III. NUMERICAL RECONSTRUCTION
To assess the validity of the filtered FBTS for imaging of a breast, we examine reconstruction of a 2-D numerical breast model.
A. 2-D MRI-derived Breast Model
A slice of 0.39 mm×0.39 mm resolution MR images of the left breast of a healthy volunteer in the prone position taken at Nagasaki University Hospital was used to make a microwave 2-D breast model. First order Debye model parameters were mapped to each pixel value using the piecewise-linear mapping procedure described in [18] . The model was resized to a resolution of 1 mm×1 mm, and 2 mm thick skin layer was added. A 
The resulting spatial distributions of the permittivity and conductivity are shown in Fig. 1(a) and (b), respectively. 
B. Reconstruction
Two-dimensional FDTD (TM Z wave) simulations were carried out to obtain synthetic scattering data as measured scattering data.
24 points used as transmitter/receiver
Relative permittivity Conductivity positions are arranged on a measurement circle with a radius of 18 cm. Each of the 24 points was used sequentially as a transmitter while at the remaining positions the electric field data is collected. This set of scattering calculations formed a set of numerical measured data denoted as ( ) , m n t v r term of (1). An illuminating pulse is generated by a simple line current source whose time factor is given by ( )
where 0 0.125 ns t = . The breast is assumed to be immersed in free space as a background medium.
As a lowpass filter in reconstruction procedure, a Chebyshev lowpass filter is used whose amplitude response is given by ( ) ( )
where, ε is a ripple factor, 0 f is a cutoff frequency. ( ) n T x is a Chebyshev polynomial of the nth order and is defined by
In the following analysis, we use a Chebyshev filter of n=4 and 0.15 . We assume the location, thickness, and the dielectric property of the skin are a priori known. Only the inside of the breast are considered to be reconstructed. So, interior structure of the breast is imaged with the filtered FBTS method. The number of unknown elements in the reconstruction region is 15574.
The initial r ε and σ values in the entire reconstruction region were set equal to the values of free space, i.e., 1 r ε = and 0 σ = .
Four Chebyshev filters with cutoff frequencies 0 0.5, 1.0, 1.5, and 2.0 GHz f = are used in the filtered FBTS reconstruction algorithm. The optimization was carried out by 200 iterations in reconstruction with each filter of a different cutoff frequency. Then, another 1200 iterations reconstruction were performed using the resulting image as an initial estimate for the FBTS method without a filter, so that the total number of iterations to get the final image is 2000. Fig. 2(a) . The rather accurate fibroglandular region is already detected in this reconstruction. Since a large amount of frequency components of the scattered signals are lost by the filtering, it is found that the low frequency component contributes to this imaging. The reconstructed results r ε and σ after 1000 iterations is shown in Fig. 2(b) . The coordinates of the cell with the highest values of both reconstructed images (the relative permittivity and conductivity) are identical to the center (x=80 mm, y=105 mm) of the tumor of the original breast model. The tumor can be clearly seen in the relative permittivity image of this figure, while unclear in the conductivity image. Fig. 2(c) shows the reconstructed results IV. CONCLUSION The filtered FBTS inversion algorithm has been applied to imaging the interior of a breast. An MR image-based 2-D breast model was used to evaluate the inversion algorithm. The breast model has relatively higher permittivity and conductivity fibroglandular region based on a newly published work [15] . Reconstructed images indicate clearly the value of the dielectric parameters almost identical to the true values of a 5 mm diameter tumor placed within the fibroglandular region as well as its position and size. The numerical simulations demonstrated the utility of the proposed inverse scattering technique for detection of tumors in a dense breast. 
C. Results

